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Human papillomaviruses (HPV) activate the ataxia telangiectasia mutated (ATM)-dependent DNA damage response to induce
viral genome amplification upon epithelial differentiation. Our studies show that along with members of the ATM pathway,
HPV proteins also localize factors involved in homologous DNA recombination to distinct nuclear foci that contain HPV ge-
nomes and cellular replication factors. These studies indicate that HPV activates the ATM pathway to recruit repair factors to
viral genomes and allow for efficient replication.
The life cycle of human papillomaviruses (HPV) is dependenton epithelial differentiation and is controlled through the ac-
tion of viral as well as cellular factors (20). In undifferentiated
cells, viral genomes are maintained as low-copy episomes that
replicate once per cell cycle along with cellular DNA. Upon differ-
entiation, viral genomes are amplified to thousands of copies per
cell along with induction of late gene expression and the assembly
of progeny virions (20). While normal epithelial differentiation
results in exit from the cell cycle, expression of the E6 and E7
proteins pushes a subset of differentiating cells into S or G2/M
phases to induce genome amplification (26). E6 and E7 also acti-
vate the ataxia telangiectasia mutated (ATM) DNA damage re-
sponse that is necessary for the differentiation-dependent ampli-
fication of viral genomes (24).
The DNA damage response (DDR) plays a crucial role in the
maintenance of genomic stability by coordinating cell cycle pro-
gression with DNA repair. The DDR is regulated by two main
kinases, ATM and ATR (ATM and Rad3 related), that belong to
the phosphoinositide-3-kinase-related protein kinase family
(PIKKs) (12). ATM responds primarily to double-strand breaks
(DSBs), while ATR is activated in response to single-stranded
DNA (ssDNA) at stalled replication forks. ATM and ATR phos-
phorylate multiple substrates in response to DNA damage, includ-
ing proteins involved in cell cycle checkpoints, DNA repair, and
apoptosis (7, 21). The MRN complex, consisting of NBS1, Mre11,
and Rad50, serves as the sensor for DSBs and recruits ATM to
these sites, as well as promotes ATM activation through autophos-
phorylation (8, 17, 18). ATM activation leads to the phosphoryla-
tion of many substrates at sites of DNA damage, including Chk2,
BRCA1, and NBS1, as well as the histone H2A variant H2AX (re-
ferred to as H2AX) (5, 12).
Previous studies demonstrated that high-risk HPV31 induces
an ATM-dependent DNA damage response in both undifferenti-
ated and differentiating cells; however, this activity is required
only for genome amplification and not stable maintenance repli-
cation (24). In HPV-positive cells, members of the ATM DNA
damage pathway, including H2AX, Chk2, BRCA1, and NBS1,
are recruited in an ATM-dependent manner into distinct foci re-
sembling those seen following DNA damage by ionizing radiation.
HPV genomes are also replicated at specific nuclear loci (24, 38),
but it was unclear if these regions also contained activated mem-
bers of the ATM pathway or were localized at distinctly separate
locations.
To determine if DNA repair factors colocalize with HPV
genomes, we used immunofluorescence (IF) followed by fluo-
rescence in situ hybridization (FISH) to screen for HPV DNA.
For these assays, we utilized the CIN 612 cell line, which stably
maintains HPV31 genomes and was previously shown to ex-
hibit activation of the ATM-dependent DNA damage response
(1, 24). CIN 612 cells were plated on glass coverslips and in-
duced to differentiate in high-calcium medium at approxi-
mately 90% confluence or harvested as an undifferentiated
sample (0 hours after end of log-phase growth [T0]). For the
localization assays, cells were first extracted prior to fixation
using a cytoskeleton buffer containing Triton X-100, as de-
scribed previously (15). This method removes proteins that are
not bound tightly to chromatin and provides a clearer view of
protein localization. Following extraction, cells were fixed with
4% paraformaldehyde, permeabilized with 0.5% Triton X-100
in phosphate-buffered saline, and IF for DNA repair factors
was performed. The samples were then cross-linked in metha-
nol-acetic acid, and FISH for HPV DNA was performed using
tyramide-enhanced fluorescence (Invitrogen), as described
previously (15). IF/FISH was performed on detergent-ex-
tracted cells a minimum of two times for each DNA repair
factor. The number of foci positive for both HPV DNA and
each repair factor was quantified, with 25 to 40 FISH-positive
cells being counted for each experiment. Although all cells con-
tain HPV genomes, only a subset of cells amplify viral DNA
upon differentiation and are FISH positive (24). Consistent
with previous reports (23, 24), incubation in high-calcium me-
dium induces epithelial differentiation, as evidenced by the
expression of differentiation-specific markers, such as involu-
crin and keratin 10 (K10), as well as viral genome amplification
(data not shown).
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HPV DNA foci colocalize with markers of double-stranded
DNA breaks. Previously, we found that HPV induces the forma-
tion of nuclear foci containing H2AX, a target of ATM that is
frequently used as a marker of DNA breaks. p53 binding protein 1
(53BP1) is also an ATM target that is used to identify sites of DNA
damage. H2AX represents 2 to 20% of histone 2A and when phos-
phorylated marks the chromatin around DSBs (9, 14). 53BP1 is
subsequently recruited to sites of DNA damage in response to
histone ubiquitylation (2). Importantly, 53BP1 is necessary for the
intra-S and G2/M checkpoints (22, 35, 39). Western blot analysis
of cell extracts indicated that both H2AX and 53BP1 were pres-
ent at increased levels in both undifferentiated and differentiated
HPV-positive cells compared to HPV-negative human foreskin
keratinocytes (HFKs) (Fig. 1A). To determine if H2AX and
53BP1 localize to HPV DNA foci, CIN 612 cells were induced to
differentiate in high-calcium medium and examined by IF to de-
tect H2AX and 53BP1 and FISH to detect HPV DNA. As shown
in Fig. 1B, H2AX and 53BP1 (Fig. 1C) were found localized to
HPV DNA foci in both undifferentiated and differentiating cells.
H2AX was localized to 94 to 100% of cells containing HPV DNA
foci in both undifferentiated and differentiated cells. Interestingly,
53BP1 was localized to 47 to 50% of undifferentiated cells that
FIG 1 Proteins associated with damaged DNA colocalize with HPV DNA foci. (A) Whole-cell extracts were harvested from CIN 612 cells or normal HFKs
at T0 or after 48 and 96 h of differentiation in high-calcium medium, as described previously (23). Immunoblotting was performed using antibodies to
H2AX (Cell Signaling) and 53BP1 (Abcam). GAPDH served as a loading control. Ca, calcium. Protein levels were quantified by ImageJ and normalized
to levels observed in uninfected keratinocytes. Shown is a representative experiment. (B) IF for H2AX (Millipore) was performed, followed by FISH for
HPV DNA on detergent-extracted CIN 612 cells harvested at T0 or after 72 h of calcium-induced differentiation. IF for H2AX was performed on
detergent-extracted normal HFKs at T0 or 72 h postexposure to high-calcium medium. Cellular DNA was counterstained with DAPI (4=,6-diamidino-
2-phenylindole). Omission of the preextraction step did not alter the localization of H2AX to HPV DNA foci (no preextraction). Images were collected
on a Zeiss 710 confocal laser-scanning microscope and were processed using the Zeiss Zen software. (C) IF for 53BP1 (Abcam) was performed on
preextracted CIN 612 cells, followed by FISH for HPV DNA. IF for 53BP1 was also performed on detergent-extracted normal HFKs at T0 or after 72 h of
differentiation in high-calcium medium.
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were FISH positive, and this increased to 88 to 93% upon differ-
entiation. Consistent with viral genome amplification, the size of
the foci containing H2AX and 53BP1 increased in differentiating
cells. Interestingly, upon differentiation, we observed FISH-posi-
tive cells containing either one or two large HPV DNA foci or
multiple smaller foci. As shown in Fig. 1B, H2AX localized to
both focus types in detergent-extracted cells, and we observed
similar results for 53BP1 as well as for the other repair factors
tested (data not shown). This increase in focus size coincides with
increased replication of viral episomes as determined by Southern
blot analyses (24). To ensure that episomal copies of the virus were
not lost upon detergent extraction, resulting in only the detection
of integrated HPV foci (15), we performed the IF/FISH assay with-
out the preextraction step. In the absence of preextraction, we
observed a similar distribution of cells containing large HPV DNA
foci and multiple foci. In addition, the localization of H2AX to
HPV DNA foci was not affected (Fig. 1B). These results indicate
that DNA repair factors are recruited to episomal copies of HPV.
It is possible that these large foci are the result of the coalescence of
replication compartments, as has been shown for herpes simplex
virus (HSV) (6, 30, 31). In contrast to HPV-positive cells, only
faint focal staining of H2AX and 53BP1 was observed in normal
HFKs. Since both H2AX and 53BP1 are important for the local-
ization of cellular factors involved in damage signaling and repair,
these findings indicate that HPV promotes the recruitment of host
repair factors to HPV genomes.
Phosphorylated ATM and Chk2 localize to HPV DNA foci.
Since H2AX and 53BP1 were localized to HPV DNA foci, we
reasoned that ATM and Chk2 should also localize to these sites.
pATM and pChk2 are activated at higher levels in HPV-positive
cells than in normal HFKs, and this is maintained upon differen-
tiation (Fig. 2A). To examine the possibility that these factors
localize to HPV DNA foci, we performed IF/FISH on detergent-
extracted CIN 612 cells. We observed that pATM (55 to 60% of
FISH-positive cells) (Fig. 2B) and Chk2 (83 to 90% of FISH-pos-
itive cells) (Fig. 2C) colocalized at sites containing HPV DNA in
undifferentiated cells. Upon differentiation, the intensity of the
signal and size of the foci increased, indicating that activated ATM
and Chk2 are recruited to newly synthesized viral genomes. In
differentiating cells, pATM and Chk2 were localized to HPV DNA
foci in 64 to 74% and 82 to 86% of FISH-positive cells, respec-
tively. Though we observed some Chk2 foci in the absence of HPV
FISH foci (Fig. 2C), we believe this reflects HPV’s ability to induce
a general DNA damage response as well as the limited sensitivity of
the FISH assay (24). Normal HKFs exhibited only background
staining of pATM and Chk2 (data not shown), as demonstrated
previously (24).
HPV DNA foci represent compartments containing actively
replicating genomes. To ensure that the HPV foci we observed by
FISH represented active sites of viral replication, we next exam-
ined the levels and localization of the cellular replication proteins
PCNA and replication protein A subunit 32 (RPA32) in relation to
FIG 2 pATM and Chk2 localize to HPV DNA foci. (A) Whole-cell extracts were harvested from CIN 612 cells and normal HFKs that were undifferentiated (T0)
or induced to differentiate in high-calcium medium for 48 and 96 h, as described previously (23). Western blot analysis was performed using an antibody to ATM
phosphorylated on Ser1981 (Epitomics), total ATM (Calbiochem), Chk2 phosphorylated on Thr68 (Cell Signaling), and total Chk2 (Santa Cruz), followed by
horseradish peroxidase (HRP)-linked secondary antibodies (Cell Signaling). GAPDH served as a loading control. Protein levels were quantified by ImageJ and
normalized to levels observed in uninfected keratinocytes. Ca, calcium. Shown is a representative experiment. (B, C) Immunofluorescence (IF) for pATM
Ser1981 (Epitomics) (B) and Chk2 (Abcam) (C) was followed by FISH for HPV DNA on detergent-extracted CIN 612 cells that were undifferentiated (T0) or
differentiated in high-calcium medium for 72 h. Cellular DNA was counterstained using DAPI.
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HPV DNA. As shown in Fig. 3A, HPV-positive cells exhibited
higher levels of PCNA than normal HFKs, and this was main-
tained upon differentiation in high-calcium medium, while levels
of the RPA32 were similar between the two sets of cells. When
examined by IF/FISH, we found that both PCNA and RPA32 also
formed foci that colocalized with HPV genomes in undifferenti-
ated cells, and these foci increased in size upon differentiation,
indicating that these are indeed active viral replication centers
(Fig. 3B). PCNA and RPA were localized to 81% and 77% of
FISH-positive undifferentiated cells, respectively, and 80% and
85%, respectively, of differentiating cells. Although we could de-
tect PCNA and RPA at replication foci in undifferentiated cells,
the intensity of the foci was very faint.
RPA consists of three subunits, RPA70, RPA32, and RPA14,
and is the major ssDNA binding protein in eukaryotic cells (3).
RPA accumulates along stretches of ssDNA generated by stalled
replication forks or DNA damage. In response to DNA damage,
the N terminus of RPA32 is phosphorylated at multiple residues
FIG 3 Cellular replication factors localize to HPV replication foci. (A) Immunoblotting was performed using antibodies to PCNA (Abcam), RPA32 (Bethyl
Laboratories), and pRPA32 S33 (Bethyl Laboratories) on whole-cell lysates extracted from CIN 612 cells and HFKs that were undifferentiated or differentiated
in high-calcium medium for 48 and 96 h. GAPDH served as a loading control. Protein levels were quantified by ImageJ and normalized to levels observed in
uninfected keratinocytes. Shown is a representative experiment. (B, C) IF for PCNA (Abcam) (B), RPA32 (Bethyl Laboratories) (B), and pRPA32 S33 (Bethyl
Laboratories) (C) was performed, followed by FISH for HPV DNA on detergent-extracted CIN 612 cells that were undifferentiated or differentiated in
high-calcium medium for 72 h. DAPI was used to counterstain cellular DNA. (C) IF was performed on detergent-extracted HFKs at T0 or after 72 h differentiation
in high-calcium medium using an antibody to pRPA32 S33. DAPI was used to counterstain cellular DNA.
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by DNA damage kinases (ATM, ATR, DNA-PK) (27), which has
been suggested to redirect the function of RPA from DNA repli-
cation to repair DNA synthesis (27, 44). To determine if HPV
alters the phosphorylation state of RPA, we examined phosphor-
ylation of the RPA32 Ser33 residue (pRPA32 S33) by Western blot
analysis and found that the levels of pRPA32 S33 were not signif-
icantly increased in HPV-positive cells upon differentiation com-
pared to those in uninfected HFKs (Fig. 3A). However, using the
IF/FISH assay, we detected pRPA32 S33 at HPV replication foci in
30 to 60% of undifferentiated FISH-positive cells (Fig. 3C). Inter-
estingly, the number of foci containing pRPA that colocalized with
HPV DNA increased to 83 to 85% in differentiated cells, with the
size of the foci increasing in response to viral genome amplifica-
tion. Since phosphorylated RPA localizes to nuclear foci where
DNA repair is occurring following DNA damage (3, 45), HPV
DNA synthesis may be dependent on repair replication.
Cellular factors involved in homologous recombination re-
pair are localized to viral replication compartments. Mamma-
lian cells have two primary mechanisms by which they can repair
double-stranded breaks: homologous recombination (HR) and
nonhomologous end joining (NHEJ) (13, 28). HR is an accurate
repair process that involves template-directed recombination and
is restricted to the S and G2 phases of the cell cycle (25, 34). The
MRN complex is the primary sensor that detects DSBs in the case
of HR, and ssDNA generated by resection of the DSB is protected
by RPA containing phosphorylated RPA32. NHEJ is an error-
prone mechanism that can be carried out at any phase of the cell
cycle, with the Ku70/Ku80 complex being the primary sensor of
DSBs (19). Since we previously observed formation of foci con-
taining MRN components in HPV-positive cells (24) and can also
detect them at sites of viral replication (data not shown), we ex-
plored the potential linkage between HPV replication and cellular
DNA repair through HR. We first examined the levels of the HR
proteins Rad51 and BRCA1 by Western blot analysis. HPV-posi-
tive cells have higher levels of both Rad51 and BRCA1 than undif-
ferentiated HFKs (Fig. 4A). Upon differentiation, levels of Rad51
remain high through 48 h postexposure to calcium, whereas Brca1
is detected at higher levels throughout the time course (Fig. 4A).
To determine if the increase in Rad51 and BRCA1 coincided with
the localization of these repair factors to HPV genomes, we per-
formed IF for Rad51 and BRCA1 and FISH for HPV DNA on
detergent-extracted CIN 612 cells, as well as on normal HFKs. In
undifferentiated cells, the amount of Rad51 colocalizing with
HPV genomes was very faint and detected in 50 to 58% of FISH-
positive cells (Fig. 4B). Upon differentiation, Rad51 colocalized
with 60 to 68% of cells that were HPV positive by FISH, and the
staining intensity increased upon viral genome amplification.
Similar results were observed for BRCA1 (Fig. 4C), with localiza-
tion occurring at 60 to 78% of undifferentiated FISH-positive cells
and 64 to 73% of differentiating FISH-positive cells. In contrast to
the localization of HR proteins to HPV DNA foci, we did not
observe significant localization of the NHEJ factor DNA-PK
(phosphorylated on Thr 2069) to sites of HPV replication (data
not shown). The observation that HR proteins, including phos-
phorylated RPA, Rad51, and BRCA1 localize to HPV replication
foci suggests that the amplification of viral genomes during the
productive phase may require HR machinery to ensure high-fidel-
ity replication.
FIG 4 HPV-positive cells exhibit increased levels of homologous recombination factors, which are localized to HPV replication foci. (A) Whole-cell extracts
were harvested from CIN 612 cells and HFKs that were undifferentiated or differentiated in high-calcium medium for the indicated times. Western blot analysis
was performed using antibodies to Rad51 (Santa Cruz) and BRCA1 (Calbiochem). GAPDH served as a loading control. Protein levels were quantified by ImageJ
and normalized to levels observed in uninfected keratinocytes. Shown is a representative experiment. (B, C) IF for Rad51 (B) and BRCA1 (C) was performed,
followed by FISH for HPV DNA on detergent-extracted CIN 612 cells harvested at T0 or after 72 h differentiation in high-calcium medium. IF was also performed
on detergent-extracted HFKs that were undifferentiated or differentiated in high-calcium medium using antibodies to Rad51 (B) and BRCA1 (C). Cellular DNA
was counterstained with DAPI.
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H2AX associates with viral genomes. The studies described
above demonstrate that many components of the ATM DNA
damage pathway colocalize with HPV genomes in foci that also
contain cellular replication and homologous recombination re-
pair factors. It is possible that these factors localize to these regions
but are not bound to viral genomes. We therefore investigated if
repair factors actually bind to HPV genomes. For our initial anal-
yses, we focused on H2AX and examined binding to viral DNA
by chromatin immunoprecipitation (ChIP) assays. We screened
for binding of H2AX to sequences around the HPV origin of
replication in the upstream regulatory region (URR) in undiffer-
entiated as well as differentiated cells (Fig. 5). An increase of ap-
proximately 7-fold in H2AX binding to the origin was detected
in undifferentiated cells over the IgG control, and this increased
upon differentiation to over 20-fold. This indicates that DNA re-
pair enzymes are recruited to viral genomes during productive
replication in differentiated cells.
Our studies demonstrate that members of the ATM DNA dam-
age pathway are recruited to HPV replication foci in a manner
resembling the effects seen following induction of DNA damage.
We believe that the localization of the host cellular replication
factors, PCNA and RPA, to sites of HPV DNA indicates that these
centers contain viral genomes undergoing replication. The ATM
DNA damage pathway can induce cell cycle arrest at either G1/S or
G2/M, depending on which arm of the pathway is activated. ATM
signaling through p53 induces G1/S arrest, while ATM signaling to
Chk2 arrests cells in G2/M (7). HPV has been reported to amplify
its DNA in cells that are in the G2 phase of the cell cycle, after
cellular DNA has replicated (40). While HPV-induced ATM acti-
vation may contribute to productive replication via this mecha-
nism, our studies suggest that the DDR factors also play an active
role in HPV replication since they are recruited to HPV replica-
tion compartments.
The DSB markers H2AX and 53BP1 were found to colocalize
with replicating HPV DNA. Our studies suggest the possibility
that DSBs play a role in HPV genome amplification. DSBs could
be introduced into amplifying HPV DNA if productive replication
is mediated through a rolling circle, which has been suggested as
the mechanism of differentiation-dependent genome amplifica-
tion (10). In addition, the dramatic increase in viral replication
taking place in differentiating cells could lead to replication stress,
resulting in stalled replication forks and the formation of DSBs.
Activation of ATM signaling and the recruitment of cellular HR
repair factors would provide an efficient mechanism for HPV to
repair and synthesize viral DNA. The finding that H2AX local-
izes to viral replication centers and is bound to viral chromatin
suggests that H2AX may recruit host repair proteins necessary to
carry out viral DNA replication. Within HPV virions, viral ge-
nomes are associated with histones (37, 43), raising the possibility
that H2AX is incorporated into newly replicated genomes and
packaged into progeny viruses. This hypothesis will be investi-
gated in more detail in future studies.
We previously found that HPV induces the activation of an
ATM-dependent DNA damage response. While our current study
indicates that an outcome of this response is the recruitment of
repair factors to viral genomes, the mechanism by which HPV
activates ATM signaling is unclear. One possibility is that expres-
sion of a viral protein elicits this response. In support of this, we
and others have shown that expression of E7 is sufficient to acti-
vate ATM and its downstream targets (24, 29, 32). We have also
found that E7 interacts with ATM (24), as well as the MRN com-
plex (C. A. Moody, unpublished results). Recent studies indicate
that the expression of the viral replication protein E1 can also
activate ATM signaling (11, 15, 33). E7 and/or E1 may induce
cellular DNA damage that consequently provides DNA repair/
replication factors necessary for the synthesis of viral DNA. Alter-
natively, the interaction of HPV proteins with DNA repair factors
could facilitate recruitment to viral DNA, which may be sufficient
to nucleate a DNA damage response (36). It is also possible that
viral replication results in the formation of intermediates that the
cell recognizes as DNA damage. This may be sufficient to activate
ATM signaling, resulting in the recruitment of repair factors nec-
essary to allow viral genome amplification. Understanding how
HPV triggers a DNA damage response will be the focus of future
investigations.
Our findings that cellular factors involved in HR, including
Rad51, BRCA1, and pRPA S33, are also recruited to HPV replica-
tion foci raises the intriguing possibility that homologous recom-
bination is directly involved in HPV genome amplification. HSV,
Epstein-Barr virus (EBV), and SV40 have all been shown to recruit
Rad51 to replication compartments (4, 16, 41). For EBV, as well as
SV40, knockdown of Rad51 diminishes viral genome synthesis,
suggesting that HR is necessary for efficient replication (4, 16).
The localization of HR factors to HPV DNA foci may indicate that
viral replication compartments contain substrates, such as stalled
replication forks or abnormal replication intermediates, that re-
quire HR activity to facilitate high-fidelity viral DNA synthesis
upon differentiation. However, it is possible that HPV actively
uses these factors to promote replication. In addition, if viral ge-
nome amplification does proceed through a rolling circle mecha-
nism, HR may be required to circularize HPV genomes upon
cleavage of viral concatemers to allow for packaging into virions.
Overall, these studies show that members of the ATM DNA dam-
age pathway along with factors involved in homologous recombi-
nation play active roles in the differentiation-dependent amplifi-
cation of HPV genomes.
FIG 5 H2AX associates with HPV genomes. Chromatin immunoprecipitation
(ChIP) assays were performed on CIN 612 cells that were harvested at T0 or after 72
h of differentiation in high-calcium medium, as previously described by Wong et
al. (42). Immunoprecipitations were performed using an antibody to phospho-
H2AX Ser139 (H2AX) (Millipore). Quantitative PCR was done using a Roche
Lightcycler 480 Sybr green master kit (Roche Applied Sciences). The primers used
were specific to the upstream regulatory region (URR) of HPV31. Forward, 5=
AAC TGC CAA GGT TGT GTC ATG C 3=; reverse, 5= TGG CGT CTG TAG GTT
TGC AC 3=.The data are expressed as fold activation over the control mouse IgG
(Santa Cruz), where the fold level was set at 1 to allow for comparisons. Ca, cal-
cium. Shown is a representative of two experiments.
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